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HYDROGEN AND HYDROCARBON DIFFUSION FLAMES IN
A WEIGHTLESS ENVIRONMENT
by John B. Haggard, Jr., and Thomas H. Cochran

Lewis Research Center

SUMMARY

An experimental investigation was performed on laminar hydrogen-, ethylene-, and
propylene-air diffusion flames burning in a weightless environment. The flames burned
on nozzles with radii ranging from 0. 051 to 0. 186 centimeter with fuel Reynolds numbers
at the nozzle exit from 9 to 410. Steady-state diffusion flames existed in a weightless
environment for all the fuels tested. Their axial length was proportional to the product
of the nozzle radius, the fuel Reynolds number, the one-half power of the Schmidt num-
ber, and a parameter that depends on the stoichiometric mole fraction. The maximum
width of the steady-state flames was proportional to the nozzle radius and to the loga-
rithm of the ratio of the nozzle radius to the average fuel velocity at the nozzle exit.
The ethylene and propylene flames on nozzles with radii 0.113 centimeter or larger ap-
peared to be constantly changing color and/or length throughout the test. No exting-
uishment was observed for any of the gases tested within the 2. 2 seconds of weightless-
ness.

INTRODUCTION

In the past several years the Lewis Research Center has been conducting fire safety
investigations on solids and gases burning in a weightless environment. Because of the
lack of buoyancy in such an environment, the phenomena of burning is altered from the
usual combustion processes occurring here on Earth. Therefore, a continuing effort
has been made to examine the effect of gravity on flames burning in typical spacecraft
environments.

Zero-gravity combustion studies relating to solids include the work of Andracchio
and Aydelott (ref. 1), who measured the surface flame spread rate on thin plastic and
paper slabs in an oxygen environment. Their results showed that the spread rate was



lower in zero gravity than in normal-gravity. Tests were also conducted by Cochran
et. al. (ref. 2) in which Teflon coated wires were burned in supercritical oxygen. Thig
work was in support of the investigation of the explosion on board the Apollo 13 vehicle.

Gaseous diffusion flames are another combustion process that can be affected by
gravity. Cochran and Masica (ref. 3) investigated methane-air diffusion flames on cir-
cular nozzles and found that flames on nozzles 0. 186 centimeter or larger extinguished
in drop tower tests. Cochran and Masica (ref. 4) then made a preliminary survey of
methane-air diffusion flames on relatively small radii nozzles (from 0. 051 to 0.113 cm)
and found that at high flow rates these flames were in steady state when in a weightless-
ness condition. Subsequently, Cochran (ref. 5) performed a detailed series of experi-
ments with methane-air diffusion flames and found that the steady-state zero-gravity
flame length was proportional to the fuel volumetric flow rate. In addition to the steady
state and extinguished flames, transient flames (changing color and/or length throughout
the test) were observed for certain flow conditions. It was concluded that there may not
have been sufficient test time for the transient flames to come to steady state.

The purpose of the study reported herein is to extend the zero-gravity experimenta-
tion of gas jet diffusion flames burning in air to fuels other than methane in order to ob-
tain general correlations for axial flame length and width and to examine flame existence
in weightlessness. The experiments were conducted in a 2.2-second drop tower facil-
ity using ethylene, propylene, and hydrogen fuel gases. Nozzle radii ranged from 0. 051
to 0.186 centimeter with the fuel Reynolds numbers at the nozzle exit ranging from 9 to
410.

In all of the work previously cited, as well as the current data, visual observations
of high-speed motion picture film of the tests played a key role in analyzing the phenom-
ena. Technical Film C-277, which summarizes all the work performed at the Lewis
Research Center on solid and gas combustion in a weightless condition, is available upon
request. A request card and a description of the film are included at the back of this
report.

SYMBOLS
constant
B constant
Cg fuel mole fraction in reaction zone
cy, fuel mole fraction at lower limit of flammability with air
Cy fuel mole fraction at upper limit of flammability with air
Cg fuel mole fraction at stoichiometric mixture



D diffusion coefficient of fuel into air, cm2/ sec

g gravity level, ratio of system acceleration to earth's gravity

L axial flame length, cm

Ls axial length of steady-state flame in zero gravity, cm

L1 average axial length of normal-gravity flame, cm

Q flow rate of fuel nozzle exit under standard conditions, cm3/sec
R0 inside nozzle radius, cm

RM maximum flame radius, cm
RMl maximum flame radius in normal gravity, cm
MO maximum flame radius in zero gravity, cm

Re Reynolds number of fuel at nozzle exit, VRO /v

Sc Schmidt number of fuel at nozzle exit, v/D
v average axial velocity, cm/sec
v kinematic viscosity, cm2/sec

fuel time, (RO)(103)/(\7'), msec

APPARATUS AND PROCEDURE

Some of the details of the test apparatus and procedures in this study are presented
in this section. A more complete description of the drop tower and the experiment ap-
paratus and procedures can be found in appendix A.

The diffusion flame together with a fuel flow system, a camera, and a clock were
allowed to free-fall 23 meters within an air drag shield that maintained the gravity
level below 10'5 (termed zero gravity in this report). The diffusion flame was ignited
in normal gravity just before the beginning of the test. The flame burned on an upright
circular cylindrical nozzle in quiescent air at standard temperature and pressure
(fig. 1). The length of the nozzle was sufficient to assure that a fully developed para-
bolic velocity profile existed at the nozzle exit. Three fuels, ethylene, propylene, and
hydrogen, were studied. Each fuel was used in conjunction with four nozzles with inside
radii of 0.051, 0.083, 0.113, and 0.186 centimeter.

The ethylene and propylene flames were photographed with a high-speed (400
frames/sec), 16-millimeter camera using Ektachrome EF (tungsten) film. Depend-
ing on the flame size, pictures were taken with either a 17-, 25-, or a 35-millimeter
lens with aperture settings of £ 2.8, f 1.4, and f 1.1, respectively. The film was pro-



cessed to an ASA of 250.

Photographing the hydrogen flames presented a special problem. The light intensity
emitted from such flames relative to hydrocarbon flames is almost negligible. Conse-
quently, a 15-frame-per-second, 16-millimeter camera with Eastman Kodak high speed
infrared film was used to photograph these hydrogen flames. Pictures were taken with
a 35-millimeter lens using an aperture setting of £ 1.1. A number 25 infrared Wratten
filter was used over the camera lens. A few tests were made photographing low-flow-
rate hydrogen flames using color as well as infrared film. The results of these tests
indicated that the type of film used only nominally affects the photographed flame shape.

DATA REDUCTION

Flame length measurements as a function of time, as well as general observations,
were made by viewing the motion picture film of the tests. The measurements were
made with a motion picture film analyzer which enlarged the film image. The necessary
measured length to actual length ratios (scale factors) were obtained by photographing a

ruler with 0. 1-centimeter divisions mounted above the nozzle for each lens that was
used.

RESULTS AND DISCUSSION
Normal-Gravity Data

A series of calibration tests for each nozzle-fuel combination was run to establish
the relations between axial flame length and flow rate for normal- gravity flames.

Observations. - Before the data are presented several observations are necessary
in order to make these measurements more useful. As is typical of normal-gravity
diffusion flames (ref. 6), the flames of all the test fuels appeared to flicker (vary in
length) at the higher flow rates. The flickering amplitude was generally less than
30 percent of the average length. This average length was selected to be used for com-
parisons in this report. As the flow rate was increased for the ethylene and propylene
fuels, the flame shape went from a flame front closed at the top (overventilated) to a
flame with a finite width at its top (underventilated). For the underventilated flames
observed with ethylene and propylene, the lengths were more difficult to measure since
the flames appeared to gradually fade in color at their tops. The axial length chosen
in this situation was the longest length at which any visible color was present. The
hydrogen flames were always overventilated.



Quantitative data. - All of the normal-gravity axial flame length data were obtained
from the calibration tests and are presented in figure 2. Although some scatter exists,
the following trends may be seen in the data. For the flames of ethylene and propylene
at the lower flow rates, the variation of average axial flame length with flow rate ap-
pears to be linear and independent of nozzle size. At the higher flow rates for these
same fuels and for the entire flow rate range of the hydrogen fuel, the axial flame length
became dependent on nozzle radius, and its variation with flow rate became nonlinear,
particularly at the highest flow rates.

Edelman, Fortune, and Weilerstein (ref. 7) numerically solved the methane diffu-
sion flame problem, with gravity effects included. Their results show a dependence of

flame length on nozzle radius.that corresponds to the experimental data shown herein.
This dependence is attributed to the relative importance of buoyancy with changing noz-
zle size.

All of the maximum flame radius data for normal-gravity flames are presented in
figure 3 and in table I. In general, the maximum flame radius increased as the flow was
increased. Although there is some scatter in the data, it can also be seen that for a
constant flow rate the maximum flame radius became larger as the nozzle radius was
increased.

Correlations. - To correlate the normal-gravity data with the appropriate control-
ling parameters for all the fuels tested, it became necessary to evaluate the physical
properties of the fuels. A summary of the pertinent fluid and combustion properties
together with those of methane, which was used in a previous comparable study (ref. 5),
are given in table II. All of the values used are available in handbooks except for the
diffusion coefficients, which were calculated by using a mathematical model described
in reference 9.

A correlation has been obtained for the normal-gravity maximum flame radius
(fig. 4). The nondimensional maximum flame radius is shown to be a function of the fuel
time 7, which is defined as the ratio of nozzle radius to average fuel velocity at the
nozzle. The functional dependence was first analytically demonstrated for methane
flames by Edelman, Fortune, and Weilerstein (ref. 7). Their result and the range of
fuel times over which it was developed are shown in figure 4 as an unbroken line. The
equation for this line is

R
"Ml _5.75-3.70 log p (1)

Ry

This curve is in fair agreement with the methane data. It can be seen that, over the
range gf fuel times covered by this prediction, the same general trend is evident for all
the present data. It should also be noted that the dimensionless maximum flame radius



ceases to be proportional the the logarithm of fuel time for fuel times greater than

5 milliseconds. In summary, a correlation between dimensionless normal-gravity
maximum flame radius and fuel time has gathered the data of four radically different
fuel gases over three orders of magnitude of the fuel time.

Zero-Gravity Data

A minimum of three flow rates were tested for each nozzle-fuel combination in
zero gravity. For these tests the fuel was ignited in normal gravity, and several sec-
onds were allocated to allow the flame to reach its normal-gravity configuration before
the experiment began to free fall. (The test procedures are described in more detail
in appendix A.)

Observations. - As was observed with other diffusion flames in zero gravity
(ref. 5), within several hundredths of a second after entry into weightlessness, all of
the flames underwent a sharp decrease in length. (Fig. 5 shows this occurrence in a
typical plot of axial length with time.) They then began to change color and expand away
from the nozzle. Finally, at the end of the drop the flames assumed one of two config-
urations: (1) they remained transient, or (2) they reached steady state.

It is of particular interest that none of the flames were extinguished on entry into
weightlessness. This result is decidedly different than the results of Cochran (ref. 5)
wherein a rather large domain of extinguished methane flames was observed. This re-
sult can be attributed to the fact that different fuels were used in the two studies. Tran-
sient flames (changing color and/or length throughout the test) were observed only for
the fuel gases ethylene and propylene burning on 0. 113-centimeter nozzles or larger.
In all of the remaining tests a steady-state configuration was achieved within the
2.2 seconds of drop time.

It must be noted that none of the zero-gravity flames flickered. This result is in
agreement with the findings of Cochran's zero-gravity methane flame experiments
(ref. 5). It has been suggested (ref. 10) that flickering is caused by selective amplica-
tion of traveling Tollmien-Schlichting disturbance waves. The waves are amplified
when the local Reynolds number in the flow exceeds some critical value. The absence
of flickering in zero gravity may be explained by the lowering of the local Reynolds
number through the flow field as a result of the absence of buoyancy.

The steady-state flames of the test fuels are shown in the photographs of figure 6.
For comparison both the normal- and zero-gravity configurations for each test are
given. The propylene and ethylene flames, as was seen in normal gravity, appeared to
be either overventilated or underventilated depending on the flow rate. The particular
flow rate at which the flame shape changed from the overventilated to the underventilated



condition seemed to be lower in zero gravity than in normal gravity. In contrast, the
hydrogen flames were always overventilated in both normal and zero gravity. This be-
havior is similar to that observed by Cochran (ref. 5) for methane flames.

Another observation of flame behavior in zero gravity is shown in figure 6(e), which
was obtained with infrared film. Independent of nozzle size or flow rate, the zero-
gravity hydrogen flame appeared to be burning well below the top of the nozzle. Typi-
cally, the lowest point of the flame front was about 0. 75 centimeter below the nozzle.
This phenomena was not evident in normal gravity nor was it evident in any of the other
tests conducted with the hydrocarbon fuels using color film. However, Cochran and
Masica (ref. 3) photographed methane flames in zero gravity using infrared film and
observed this same behavior. For the purposes of comparison and correlation the hy-
drogen zero-gravity length data do not include this added length, rather the length is a
measurement of the distance from the top of the nozzle to the top of the flame.

The photographs of the steady-state hydrocarbon flames in zero gravity show that
they have a distinctly different coloration than their counterparts in normal gravity.
Typically, those flames in normal gravity have a bright yellow appearance over most
of the flame with a pale blue region near the nozzle. In zero gravity the flames varied
in color. At high flow rates the region near the flame tip tended toward a pale orange
or red. The central part of the flame appeared bright yellow, and the region near the
nozzle top was again pale orange or red. At low flow rates the entire flame was pale
orange or red. In all of the transient hydrocarbon data, the color of the flame in zero
gravity was a very pale red. All of the normal-gravity hydrogen flames, when observed
in a darkened room, were a uniform pale pink over the entire flame. Because of the
technique used to photograph zero-gravity hydrogen flames (black and white infrared
film) a necessarily limited qualitative description of the flame can be given. When the
flame entered weightlessness, it appeared to change from a relatively uniform light gray
color to a uniform very light gray or white appearance. Because of the film and infra-
red filter used, this shift in tones of gray would indicate the light emitted from the hy-
drogen flame in zero gravity is shifted in wavelength further into the infrared. This
occurrence is common to all of the test fuels. From radiation theory this would indicate
cooler temperatures in at least parts of the reaction zone of the zero-gravity flames.

A final observation of flame appearance, seen in varying degrees in almost all of
the hydrocarbon tests, concerned the sudden increase in soot or carbon particle produc-
tion upon entry into weightlessness (see fig. 7). This sudden increase in soot production
suggests a condition of partial oxidation (i.e., incomplete combustion) in parts of the
reaction zone of the flame. Also, the increased soot production provides for many more
sources of radiation losses and, therefore, could, in part, be responsible for the cooler
hydrocarbon flame.

Quantitative data. - All of the steady-state normalized axial length data were plotted




as a function of the ambient fuel Reynolds number (fig. 8). The solid line on each graph
represents the appropriate normal-gravity data from table I. As can be seen, the zero-
gravity ethylene and hydrogen flames are longer than the normal-gravity flames at the
same Reynolds number; the zero-gravity propylene flames are shorter. For compari-
son, methane flames in zero gravity are about 50 percent longer than their normal gray-
ity counterparts (ref. 5).

The zero-gravity maximum flame radius data as a function of fuel flow rate is pre-
sented in figure 9. Upon examining figure 9 and comparing it with the normal-gravity
radius data of figure 3, several trends become evident. Data for all the fuels indicate
that the zero-gravity flames were larger than the width of the normal-gravity flames at
a given flow rate. Cochran (ref. 5) found that the zero-gravity methane flame width was
about 1% times the normal-gravity width. A second trend is seen when examining the
zero-gravity data for a nozzle radius dependence. The zero-gravity data appears to be
separated by nozzle radius much more distinctly than the normal gravity data as seen
in figure 3.

Correlations. - To correlate the normalized flame length data for all the diffusion
flames, a simplified analysis of the problem was performed by Haggard and Cochran
(ref. 11), some details of which are found in appendix B.

As the result of the assumptions made in appendix B and the mathematical analysis
described in reference 11, the zero gravity normalized flame length was found to be

L
8_9 s(lz/2 Re n/2(_1 _ 2)

where Re is the Reynolds number (VRO/V), Sc is the Schmidt number (v/D), and cF
is the mole fraction of fuel at the reaction zone of the flame. The dependence of dimen-
sionless axial length on Reynolds number was expected because of the experimental work
of Cochran (ref. 5). It remained to more thoroughly examine the Reynolds number and
Schmidt number dependence through fluid property variations and to test the natural
logarithm parameter lnl/ 2 (1/1 - cF) by burning fuel gases which have different limits
of inflammability.

Subsequent experimental verification of this prediction was performed in refer-
ence 11 using only the hydrocarbon gases methane, ethylene, and propylene. The data
were compared with theory by using the lower limit, the upper limit, and the stoichio-
metric burning mole fraction. The best fit to the data was given by

L
8 _3.58c/2Rem!/2(_1 1\, 5 (3)



where Cg is the fuel mole fraction for stoichiometric burning. The additive constant 5
is small and may be caused by scatter in the data. In figure 10 this correlation is
graphically shown together with the hydrogen flame data. As can be seen from the fig-
ure the hydrogen data do not correlate with the hydrocarbon data. Instead, a best fit to
the hydrogen data appears to be identically the theoretical solution (eq. (2)) with the
flame zone fuel concentration equal to that concentration for stoichiometric burning.

The results presented in figure 10 show that for the same flow conditions, the hy-
drocarbon flame length is longer than the hydrogen length. This difference may be
attributed to moving carbon particles (soot) radiating above the reaction zone of the
hydrocarbon flame, increasing the apparent flame length. Because the carbon particles
are very good radiators of heat, it may be expected that the hydrocarbon flame temper-
ature will be reduced in zero gravity. This reduced temperature may also effect hydro-
carbon flame length.

The dimensionless zero-gravity maximum flame radius is plotted as a function of
fuel time Tg in figure 11. The dashed line in the plot is the normal-gravity theoretical
prediction from figure 4. The line through the zero-gravity data represents an extrapo-
lation of the partial-gravity analytical work of Edelman, Fortune, and Weilerstein
(ref. 7) who performed numerical calculations for methane flames at gravity levels
from 0.1 to 1 and a separate analysis at zero gravity. Their zero-gravity numerical
analysis did not correspond to the experimental flame width data, particularly at low
Reynolds numbers. For gravity levels from 0.1 to 1, they found that the normalized
maximum flame radius could be expressed as a function of gravity level in the form

| 1
f; By 5e"0 6038 - 3.7 10g 7] (4)
Ry

The solid line shown in figure 11 is a graphical representation of this equation with g
set equal to zero. The experimental data presented in this report together with the work
of Cochran (ref. 5) confirm both the validity of equation (4) at normal gravity (see fig. 4)
as well as the validity of extrapolating equation (4) to zero gravity (see fig. 11).

Flame existence. - The flame conditions observed in zero gravity, as discussed in
the preceding Section, are displayed in figure 13 as functions of the ambient fuel Reyn-
olds number (VRO/ v) at the nozzle exit. The following trend is evident from the bar
graphs (fig. 13): As the Reynolds number was increased, the flame conditions appeared
in the order - extinguished, transient, steady-state overventilated, and steady-state
underventilated.

The fact that transient effects were observed in the experiments is not surprising
in view of the test technique. Further, their influence in defining the behavior of the
flames is of considerable importance, particularly where the extinguished flames are




concerned. Edelman, Fortune, and Weilerstein (ref. 7) indicated that the extinguish-
ment observed in drop tower testing is caused by these transient effects. Their expla-
nation is that the transient fluid dynamics associated with the sudden removal of buoy-
ancy results in an imbalance in the flames that promotes a reduction in temperature and
an alteration in the chemical kinetics. For the steady-state flames that were observed,
the characteristic time of the system was small enough to allow the flame to react fast
enough to achieve a stable configuration. However, for the extinguished cases, the
characteristic flow time was too long, and a cascading temperature resulted in extin-
guishment.

Certainly, the question of importance is not whether flames are extinguished or
stable in drop tower tests but, in fact, what are the conditions under which flames can
exist in a zero-gravity environment. The presence of transient fluid dynamics effects
in the experiment raises the possibility that flames that were extinguished or that were
transient could exist in a stable condition in zero gravity if the gas was ignited under the
proper set of circumstances. However, the structure of flames that are known to be
stable in zero-gravity indicates cool temperatures and the possibility of finite reaction
rates distributed in space; inherent in these are high heat losses. This suggests that
at relatively low flow rates where the extinguished and transient conditions prevail, the
convective, radiative, and diffusive effects may not be sufficiently balanced to permit a
reaction to be sustained.

SUMMARY OF RESULTS

An experimental investigation was performed on laminar hydrogen-, ethylene-, and
propylene-air diffusion flames burning in a weightless environment. The flames burned
on nozzles with radii ranging from 0. 051 to 0. 186 centimeter with fuel Reynolds num-
bers at the nozzle exit from 9 to 410. The results of this study are

1. The ratio of stable axial lengths LS to nozzle radius R0 for all hydrocarbon
fuels in zero gravity is given by the relation

L
—S=ASc1/2Re1n1/2 1 + B

where Sc is the fuel Schmidt number, Re is the Reynolds number, Cg is the stoichio-
metric mole fraction, A is a constant equal to 3.5 for hydrocarbon flames and 2. 0 for

hydrogen flames, and B is a constant equal to 5.0 for hydrocarbon flames and 0 for

hydrogen flames.
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2. The ratio of maximum flame radius RM to nozzle radius RO is given by the
relation

BM _ 0.5 70-6038 _ 5 log<i)>
Rg \%
where V is the average flow velocity at the nozzle exit and g is the gravitational level.
This result is in agreement with published analytical studies.

3. The hydrocarbon fuels studied produced transient flames (i.e., constantly chang-
ing length and color throughout the test) on nozzles with 0. 113-centimeter radii or larg-
er and steady-state flames on nozzles with radii 0. 0825-centimeter or smaller in a
weightless environment. All hydrogen flames were steady state in a weightless environ-
ment.

4. Heavier hydrocarbon flames dramatically increase soot production on entry into
weightlessness. Flame coloration observations in a weightless environment indicate
that parts of the flame are burning cooler. These observations suggest that the reaction
zone may become thicker.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, November 10, 1972,
502-28.
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APPENDIX A

FURTHER DETAILS CONCERNING THE APPARATUS AND PROCEDURE
Test Facility

The experimental data for this study were obtained in the Lewis Research Center's
2.2-second zero-gravity facility. A schematic diagram of this facility is shown in fig-
ure 13. The facility consists of a building 6. 4 meters (21 ft) square by 30.5 meters
(100 ft) tall. Contained within the building is a drop area 27 meters (89 ft) long with a
cross section of 1.5 by 2. 75 meters (5 by 9 ft).

Mode of operation. - A 2.2-second period of weightlessness was obtained by allow-
ing the experiment package to free fall from the top of the drop area. In order to mini-
mize drag on the experiment package, it was enclosed in a drag shield, designed with a
high ratio of weight to frontal area and low drag coefficient. The relative motion of the
experiment package with respect to the drag shield during a test is shown in figure 14.
Throughout the test the experiment package and drag shield fell freely and independently
of each other; that is, no guide wires, electrical lines, and so forth were connected to
either. Therefore, the only force acting on the freely falling experiment package was
the air drag associated with the relative motion of the package within the enclosure of
the drag shield. This air drag resulted in an equivalent gravitational acceleration acting
on the experiment, which is estimated to be below 10'5 g's.

Release system. - The experiment package, installed within the drag shield was
suspended at the top of the drop area by a highly stressed music wire that was attached
to the release system. This release system consisted of a double-acting air cylinder
with a hard steel knife attached to the piston. Pressurization of the air cylinder drove
the knife edge against the wire, which was backed by anvil. The resulting notch caused
the wire to fail, smoothly releasing the experiment. No measurable disturbances were
imparted to the package by this release procedure.

Recovery system. - After the experiment package and drag shield traversed the
total length of the drop tower, they were recovered after decelerating in a 2. 2-meter
(7-ft) deep container filled with sand. The deceleration rate (averaging 15 g's) was con-
trolled by selectively varying the tips of the deceleration spikes mounted on the bottom
of the drag shield (fig. 14). At the time of impact of the drag shield in the decelerator
container, the experiment package had traversed the vertical distance within the drag
shield (compare figs. 14(a) and (c)).

12



Experimental Package

The experimental package (fig. 15) contained a combustion chamber, camera,
clock, fuel flow system, carbon dioxide flow system, and associated controls and
direct-current power supplies.

The combustion chamber contained the nozzle, lighting equipment, carbon dioxide
inlets, and the ignition system. The nozzle extended approximately 2 centimeters above
the floor and was positioned at the center of the chamber. The dimensions of the cham-
ber were approximately 41 centimeters long by 41 centimeters wide by 48 centimeters
high. The top of the chamber had holes in it to ensure equalization of pressure with the
atmosphere during burning. The volume of the chamber was such that there was over
60 times the amount of air necessary to burn the fuel at the highest flow rate for at least
10 seconds. The igniter was a coiled 0. 33-centimeter-diameter Nichrome wire attached
at its ends to copper rods. Current to the wire was supplied by a 14. 4-volt, 1.75-
ampere-hour pack of batteries. One wall of the chamber was a plastic sheet. Lighting
was indirect so that the flames could be photographed against a black background.

The fuel flow system included a 500-cubic-centimeter stainless-steel vessel, flow
valves, a relief valve, a low-flow needle valve, two explosion-proof solenoids,
stainless-steel tubing, and a pressure regulator. In this system the solenoids were
connected in series to ensure that flow stopped on deactivation.

Carbon dioxide was included to dilute the contents of the combustion chamber below
the flammability limit after the test. This system consisted of two 500-cubic-
centimeter stainless-steel vessels, flow valves, a relief valve, two explosion-proof
solenoids, and stainless-steel tubing. Mounting of the solenoids in parallel ensured
flow upon activation. '

Test Procedure

Calibrations. - Before the normal- and zero-gravity experimentation, calibrations
to determine flame length as a function of flow rate were conducted. The flow measur-
ing device, a rotameter, was installed in the methane flow system. Motion pictures
were then taken of flames at different lengths, and the respective flow rates were re-
corded. Data were obtained for each of the different nozzles over the range of flow to
be used in the experiments.

Experimentation. - The fuel cylinder was charged to a pressure of approximately
5

14x10"” newtons per square meter (~200 psi), and the carbon dioxide cylinders to about
34. 5><105 newtons per square meter (~500 psi). The experiment package was placed in
the drag shield and raised to the top of the tower.

13



Approximately 5 seconds before the drop, the lights were turned on, and the fuel
flow, camera, and clock were started. One second later, the ignition system was acti-
vated. The remaining 4 seconds before the drop were used to permit the flame to come
to steady state. The drag shield and experiment were released, and about 2 seconds of
zero-gravity data were obtained. Just before impact in the sand, the fuel flow was
stopped, the camera, clock, and lights were turned off, and the carbon dioxide system
was activated. These steps removed potential ignition sources and diluted a possible
combustible mixture.
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APPENDIX B

ASSUMPTIONS USED IN ANALYSIS OF DIFFUSION FLAME AXIAL LENGTH

The basic geometry of the problem under consideration was given in figure 1. Pure
hydrocarbon fuel gas in a fully developed parabolic velocity profile issues from a nozzle
of radius RO and mixes with initially quiescent air at standard conditions in a weight-
less environment. A diffusion flame is defined as one in which the rate of mixing of fuel
and oxidant, rather than the rate of chemical reaction, controls the process of combus-
tion and in which burning takes place within an incandescent shell or reaction zone of
axial length L. Under steady-state conditions the fuel and oxidant in the reaction zone
must have concentrations that fall within the upper and lower limits of inflammability.

The following is a list of assumptions made inthis analysis: (1) A stable laminar
diffusion flame exists in zero gravity. (2) Fluid properties (i.e., density, dynamic vis-
cosity, and diffusion coefficient) are constant within the volume enclosed by the reaction
zone. This assumption was invoked in an effort to remove both concentration and tem-
perature effects from the conservation of momentum and continuity equations. It is
probably a most restrictive assumption near the reaction zone where the fuel is under-
going a sharp rise in temperature. (3) There exists no temperature or pressure driven
diffusion (i.e., assume that Fick's law of diffusion holds). (4) The velocity profiles are
such as to justify a similarity solution. This assumption does not appear valid for
normal-gravity flames because of the gravity effects that accelerate the fluid, thus dis-
torting the velocity profiles. However, this assumption should be valid in zero gravity
sufficiently far enough downstream of the nozzle. (5) There is axisymmetric laminar
flow throughout the flow field. (6) A boundary-layer type of flow exists where the axial
velocity exhibits a strong radial dependence while dominating over the radial velocity.
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TABLE I. - SUMMARY OF EXPERIMENTAL FINDINGS

Run | Nozzle radius, | Average normal- | Maximum normal- | Flow rate, | Steady-state |Zero-gravity
number RO, gravity length, gravity radius, Q, zero-gravity| maximum
cm Ly, Ryrps cm”/sec length, radius,
cm cm LS’ RMO'
cm cm
Ethylene
1 0.051 8.63 0.39 3.55 10. 40 0.54
2 3.70 .31 1.62 5.25 .52
3 2.33 .32 1.07 3.90 .55
4 1.45 .29 .72 1.95 .54
5 .15 .19 .45 .90 .41
6 0.083 7.36 0.47 3.04 9.685 0.81
1 4.48 .38 1.91 5.88 .81
8 3.03 .31 1.34 4.22 .83
9 2.16 .34 1.00 2.67 .m
10 1.19 .28 .62 1.49 .65
11 0.113 6.21 0.48 2.96 (a) -
12 4.80 .48 2.17 ----
13 2.88 .34 1.27 ----
14 1.67 .26 .80 ----
15 .80 .25 .46 —---
16 0.186 5.45 0.52 2.74 (a) ——--
17 4.75 . 40 2.10
18 2.50 .36 1.12 —.--
19 .91 .24 .50 -—--
Propylene
20 0.051 11.68 0.40 2.87 9.58 0.65
21 5.05 .29 1.24 3.61 .69
22 2.48 .26 .63 2.51 .74
23 1.78 .24 Y 1.79 .61
24 0.083 10.92 0.43 2.76 9.62 0.94
25 .083 4.8t .34 1.18 3.76 .84
26 .083 1.61 .28 .43 1.46 .67
27 0.113 8.33 0.57 2.30 (a) ----
28 5.27 .38 1.28 ----
29 4.85 .34 1.20 -
30 3.46 .31 .84 —-—-
31 2.64 .30 .64 -
32 1.24 .25 .29 -
33 0.186 9.13 0.59 3.38 (a) -
34 5.13 .37 1.21 -—--
35 2.72 .33 .68 ——n-
36 2.08 .31 .51 -
37 .14 .22 .28 ——--
Hydrogen
38 0.051 7.14 0.64 18.25 7.45 1.10
39 .051 5.00 .61 12. 88 5.67 1.04
40 .051 2.40 .46 6.38 3.04 .76
41 0.083 1.61 1.03 20.60 8.67 1.56
42 . 083 5.25 .19 14.53 5.69 1.25
43 .083 2.49 .46 7. 40 3.12 .94
44 0.113 6.06 1.02 19. 80 7.87 1.80
45 .113 4.35 .M 14.10 5.20 1.47
46 .113 2.22 .53 7.60 2.62 1.04
47 0.186 5.22 1.09 16. 80 6.51 2.15
48 4.35 .68 14.10 4.37 1.1
49 3.80 .72 12.25 4.67 1.8
50 1.81 .55 5.75 2.32 .13

ATransient flame condition.
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TABLE II. - SUMMARY OF FUEL GAS FLUID AND COMBUSTION PROPERTIES?

Gas Kinematic | Calculated | Schmidt | Fuel mole fraction in air at { Fuel mole fraction
viscosity, | diffusion {number limits of flammability for stoichiometric
v, coefficient Sc, burning,
cmz/sec fuel into v/D Lower limit, | Upper limit, ¢
air, ‘L ¢y
D)
cmz/sec
Methane 0.1648 0.213 0.774 0.053 0.15 0.095
Ethylene . 0858 . 152 .565 .031 .32 . 065
Propylene . 04317 117 .374 . 024 .103 . 0445
Hydrogen 1.059 . 689 1.53 .04 .75 .295
aProperties given at 20° C and 1 A.
o= I o -
Ro,
12— cm
g o
Air 8 O .13
D .18

Average normal-gravity flame length, Ly, cm

Figure 1. - Geometry of a diffusion
flame on a nozzie.

Flow rate, Q, cm3/sec

(c) Hydrogen.

Figure 2. - Average normal-gravity flame lengths of test fuels.
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Normal-gravity maximum flame radius, Rer cm

Inside nozzle
radius,
[~ R
0
o D@ S cm
— 0.051
& & © A o8
@ O ] L1183
12— D .18
—O
° o
| I I | 10—
(a} Ethylene.
— O o §— &
D D o
- 29 b o
& i o
I I B . [l R N
0 1 2 3 4 0 5 10 15 20 25
Flow rate, Q, cm3isec |
(b) Propylene. (c) Hydrogen.

Figure 3. - Normal-gravity maximum flame radius of test fuels.
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Ratio of normal-gravity maximum flame radius to nozzle radius, RMIIRO

Ur—
Fuel
12— 0 O Ethylene
=) A Propylene
O Hydrogen
D Methane
10—
m1/R = 5.75-3.70 log Tp
8— o) /’ Iref 7 prediction for methaneflames)
DD
0D
61—
4_
A
AR
0 ®
2 2 A A
O A
. N T T B0 Y T R B T R I
.01 1 1 10 100

Axial flame length, L, cm

—
(=]

Fuel time, Tp, Msec

Figure 4. - Correlation of normalized flame radius with fuel time for normal-gravity flames.

Normal | Zero gravity;
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Time, sec

Figure 5. - Typical time profile of axial flame length upon entry into weightlessness. Run 1.



Normal gravity Zero gravity

{a) Overventilated propylene flame run No. 23.

Normal gravity Zero gravity

(b} Underventilated propylene flame run No. 22.

Figure 6. - Stable diffusion flames in weightlessness.
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Normal gravity Zero gravity

(c) Overventilated ethylene flame run No. 10.

Normal gravity Zero gravity

(d} Underventilated ethylene flame run No. 7.

Figure 6. - Continued.



Normal gravity Zero gravity
(e) Hydrogen flame run No. 39.

Figure 6. Concluded.

Figure 7. - A typical hydrocarbon flame producing large quantities of soot in zero-gravity.
Zero-gravity propylene flame run No. 23.
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Ratio of axial flame length to nozzle radius, LIRO

50— Inside nozzle

radius,
Ry,
00— o cm
2 0.051
L .083 .
150 a 13 Zero gravity
D . 186
100— Normal gravity
50 —
I I l
0
250 — (a) Ethylene. _
@]
| | | | J | |
0 100 200 300 400 500 0 100 200
Reynolds number, Re
(b} Propylene. (c) Hydrogen.

Figure 8. - Dimensionless axial flame length as function of Reynolds number for zero-
gravity flames.



Maximum flame radius, Ry, cm
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radius,
Rg
cm
(@] 0.051
- A .083 .
0O 13 Zero gravity
D . 186
- A A A 24 Normal gravity
A 4 D
00 o @]
_o/ 20—
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O
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1 2 3 4 0 5 10 15 2
Flow rate, Q, cm3isec
(b) Propylene. (c) Hydrogen.
Figure 9. - Zero-gravity maximum flame radius of test fuels.
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Figure 10. - Summary plot showing best fit of zero-gravity
length correlation to data.
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Ratio of maximum flame radius to nozzle radius, RMIRO

28— Fuel
O Ethylene
O A Propylene
20— 0 O Hydrogen
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~Rp/Ry = 10.5 - 370|ogtF
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44— (normal-gravity predlctlon from ref. 71~ ~
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Figure 11. - Correlation of normalized maximum flame radius with fuel time for zero-

gravity flames.
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Figure 12. - Flame conditions encountered in zero gravity as function of
flow.
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Figure 13. - 2.2-Second zero-gravity facility,
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Figure 14, - Position of experiment package and drag shield before, during, and after test drop.
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Figure 15, - Experiment package.
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